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Abstract 
Many studies have found that the decrease of photovoltaic (PV) cell temperature would increase the solar-to-
electricity conversion efficiency. This paper provided a study on the thermal and electrical performance of PV panel 
with active cooling by attaching heat pipes beneath the PV panel, building up a PV-heat pipe (HP) combined system. 
The effect of solar radiation, inlet water temperature and water flow on the electrical and thermal efficiencies of the 
system were studied. The results showed that the thermal efficiency of the heat pipe PV/thermal (PV/T) solar water 
heating system decreased with the increasing inlet water temperature and water flow, and increased with the 
increasing solar radiation; the electrical efficiency decreased with increasing solar radiation, inlet water temperature 
and water flow. 
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1. Introduction 
In recent years, photovoltaic technology is developing rapidly. Studies [1] found that only less than 
20% solar energy was translated into electricity, while most of it was translated into heat, which increased 
PV temperature. Further studies [2-3] found that the higher PV temperature was, the lower the electrical 
efficiency was. Every 10oC temperature increase led to an electrical efficiency decrease by 0.5%. Many 
researchers tried to increase electrical performance of PV panel by air cooling [4] or water cooling [5], 
while some others [6-8] made PV panel work as an evaporator employing refrigerant to cool the system. 
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Pei et al. [8] carried out a numerical and experimental study on energy performance of a heat pipe 
PV/thermal (PV/T) system. The results indicated that the daily thermal and electrical efficiencies could 
reach 41.9% and 9.4%, respectively. He [9] also studied the effect of water flow rates, PV cell covering 
factor, heat pipe space and absorber plate coating on the energy performance of the heat pipe PV/T system 
based on a validated model. Zhu et al. [10] investigated the effect of heat pipe space on the energy 
performance of heat pipe PV/T collector and found that the one with smaller heat pipe space had better 
energy performance. 
In this study, heat pipes were equipped on the back of the PV panels, a heat collector which was 
connected to the condensational end of the heat pipe was installed at the top of PV panel, forming a heat 
pipe photovoltaic/thermal solar water-heating system. Circulating water flew past the heat collector, 
absorbed the heat from condensational end of the heat pipe for domestic water heating and PV panel 
cooling both sides. It was expected to achieve better cooling effect relatively in this passive way and 
better electrical and thermal performance of the PV modules. 
2. Description of testing rig 
 
Fig. 1. Structure of PV module 
Table 1. The list of testing devices 
Item Device Quantity Location 
1 Pyranometer (TBQ-2, China) 1 The same tilt surface beside PV panel 
2 Calibrated flow indicator (LZT-15G, China) 1 Water pipe after pump 
3 Data logger  (Agilent 34970A, USA) 1 Indoor workbench 
4 PT100 temperature sensor (WZP-01, China) 5 2 at Inlet and outlet of manifold, 3 in water tank 
5 Adhesive thermocouple (K Type, China) 5 Front surface of PV panel 
 
The testing rig of the PV/HP water heating system is made up of PV/HP collector, water circulating 
pump, water tank and flow meter. Fig. 1 shows a cross-section view of part PV/HP collector. The PV 
panel is fixed on to the metal sheet (1 mm thick), serving as an absorber plate, through a thin adhesive 
layer. Ten heat pipes are boned to the metal sheet, which forms the fins of the heat pipes for the 
enhancement of heat transfer from PV panel to heat pipes. The heat pipes, 8/7 mm of external/internal 
diameter for each one, are arranged at equal spacing of 75 mm throughout the panel width. The 
condensation end of heat pipes are inserted into the manifold, which is connected to circulating pump and 
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water tank in series. The edges and back surface of the PV/HP collector are covered with insulation 
material to reduce heat loss. The total aperture area and PV cell area are 1.24m2 and 1.17m2, respectively. 
The PV panel consists of 36 PV cells, made of polycrystalline silicon. The PV panel is connected to a 
rheostat for the testing of power output under various loads and the peak power output is determined at 
the resistance of 15 Ω. Under the radiation of 1000 W/m2 and the ambient temperature of 25 oC, the PV 
panel has an open circuit voltage of 31.0 V and a short circuit current of 8.73 A. The peak power output is 
200 W with an electrical efficiency of 16.13%. The list of the testing devices is shown in Table 1. 
3. Experiment implementation 
The testing was carried out at Beijing University of Civil Engineering and Architecture, China. The 
experimental rig was placed on the roof of Building No. 2 with PV/HP collector exposed to sunshine 
directly not being in shade. PV/HP collector was regulated to be 45o. The pyranometer was mounted at 
the same tilt surface beside PV panel to measure the solar radiation on the front surface of PV panel. 
Adhesive thermocouples were pasted on the front surface of PV panel for monitoring temperature 
variation. Two probe type thermocouples were installed at the inlet and outlet of manifold for measuring 
water temperature. The water circulation was driven by water pump and the flow rate was controlled by 
valve regulation. Three thermocouples were installed at different depth of water tank to measure water 
temperature. The average of those three values was considered as the water temperature of water tank. 
The list of testing modes is shown in Table 2. 
Table 2. The list of testing modes 
Mode Radiation 
(W/m2) 
Ambient temp. 
(oC) 
Flow rate 
(L/min) 
Water temp. at the inlet of manifold 
(oC) 
A 650±25 20±3 6 20, 23, 26, 29, 32, 35, 38, 41, 44 
B 500, 600, 650, 700, 815 22±3 6 20±1 
C 700±25 13±2 5, 7, 9 14±1 
4. Results and discussions 
4.1. Variation of thermal and electrical efficiencies in the daytime 
 
Fig. 2. Variation of thermal and electrical efficiencies in the daytime 
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Fig.2 showed the variation of thermal and electrical efficiencies in the daytime. It could be seen from 
Fig.2 that the thermal efficiency decreased gradually from 17.3% at 9:00 to -4.1% at 15:00 due to the 
increasing water temperature at the inlet of manifold. In the afternoon, with the decreasing solar radiation, 
the water temperature could be higher than the condensation temperature of heat pipe, leading to heat 
transfer from circulating water to heat pipe, consequently, minus thermal efficiency could occur in the 
later afternoon. Therefore, there was a turning point to stop running the system. 
It can be seen from Fig.2 that the electrical efficiency gradually decreased from 15.2% at 9:00 to the 
lowest point 9.5% at 12:00, and then it increased to 15.6% at 15:00. The average electrical efficiency was 
11.90%. 
4.2. The effect of inlet water temperature on thermal and electrical efficiencies 
 
Fig. 3. Variation of thermal and electrical efficiencies with input water temperature 
The testing on the effect of inlet water temperature on efficiency performance of the heat pipe 
photovoltaic/thermal solar water-heating system was carried out under the testing mode A. Fig.3 showed 
the variation of thermal efficiency under different inlet water temperature. It can be seen from Fig.3 that 
the thermal efficiency gradually decreased with the increasing inlet water temperature, which is because 
that the amount of heat transfer between circulating water and condensation end of heat pipe decreased as 
the water temperature at the inlet of manifold increased. The thermal efficiency decreased almost in linear 
with the increasing inlet water temperature. As the inlet water temperature increased from 20oC to 44oC, 
the thermal efficiency decreased from 15.9% to 4.3%. Every 10oC increase of inlet water temperature led 
to a thermal efficiency decrease by 4.8%. The average thermal efficiency was 10.1%. 
It can be seen from Fig.3 that the electrical efficiency decreased with the increasing inlet water 
temperature, which is because that high inlet water temperature led to poor heat dissipation and the 
increase of PV temperature, resulting in lower electrical efficiency. As the inlet water temperature 
increased from 20oC to 44oC, the electrical efficiency decreased from 14.1% to 11.6%. Every 10oC inlet 
water temperature increase led to an electrical efficiency decrease by 1.0%. The average electrical 
efficiency was 12.9%. 
4.3. The effect of solar radiation on thermal and electrical efficiencies 
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Fig. 4. Variation of thermal and electrical efficiencies with solar radiation 
The testing on the effect of solar radiation on energy performance was carried out under the testing 
mode B. Fig.4 showed the variation of thermal and electrical efficiencies under different solar radiation. It 
can be seen from Fig.5 that the thermal efficiency increased with the increasing solar radiation. As the 
solar radiation increased from 556.9W/m2 to 855.6W/m2, the thermal efficiency increased from 8.6% to 
18.0. Every 100W/m2 solar radiation increase led to a thermal efficiency increase by 3.15%. The average 
thermal efficiency was 11.89%. 
It can be seen from Fig.4 that the electrical efficiency decreased with the increasing solar radiation. As 
the solar radiation increased from 556.9W/m2 to 855.6W/m2, the electrical efficiency decreased from 
14.5% to 11.0%. Every 100W/m2 solar radiation increase led to an electrical efficiency decrease by 1.2%. 
The average electrical efficiency was 12.5%. 
4.4. The effect of water flow on the thermal and electrical efficiencies 
 
Fig. 5. Variation of the thermal and electrical efficiencies with flow rate 
The testing on the effect of water flow on energy performance of the heat pipe photovoltaic/thermal 
solar water-heating system was carried out under the testing mode C. Fig.5 showed the variation of 
thermal and electrical efficiencies under different water flow. It can be seen from Fig.5 that the thermal 
and electrical efficiencies both decreased with the increasing water flow. As the water flow increased 
from 5 L/min to 9 L/min, the thermal efficiency decreased from 18.9% to 16.1%, while the electrical 
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efficiency decreased from 12.4% to 11.3%. Every 1 L/min decrease of water flow led to a thermal 
efficiency decrease by 0.7% and an electrical efficiency decrease by 0.3%. 
5. Conclusions 
1) The thermal efficiency decreased in the daytime and a turning point occurred in the afternoon, 
after that minus thermal efficiency was found. There was a minimum electrical efficiency in the 
daytime. 
2) The thermal and electrical efficiencies decreased in liner with the increasing water temperature 
at the inlet of manifold; with the increasing solar radiation, the thermal efficiency increased in 
liner while the electrical efficiency decreased.  
3) The thermal and electrical efficiencies decreased in liner with the increasing circulating water 
flow. 
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